The birth and growth of explosions initiated by mechanical and thermal means have been studied. Liquid and solid explosives show a striking similarity. The point of initiation is always located at a source of local high temperature, for example, a hot wire, an electric spark, an impacted grit particle, or at a gas pocket suddenly compressed during impact.
I n t r o d u c t io n
We have seen th a t the initiation of both liquid and solid explosives occurs a t a hot spot of small but finite size. In this paper we will consider the growth of the explosion as it develops from the small hot spot to a high-speed detonation. An account of the development of the explosion in nitroglycerine and other liquids has been given in earlier papers (Bowden, Mulcahy, Vines & Yoffe 1947; . I t was shown th a t after the explosion had been initiated a t an electric spark or a compressed gas bubble, it developed in two stages. The first stage was a rapid burning which spread a t a velocity of about 400 m./sec., but this burning did not travel more than a centimetre before a detonation set in and attained a speed of 2000 m./sec.
If the hot compressed bubble was trapped in a small hole or cavity, the general explosion was preceded by a very slow burning spreading a t 20 m./sec. or less.
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After about 50 /*sec. the explosion burst out of the confines of the cavity and fired the rest of the explosive. This paper will describe first a more detailed experimental examination of the behaviqur of liquids and then a study of the development of explosions in solids. I t will be shown th a t the formation of local hot spots may play an im portant part in the growth and propagation of the explosion, as well as in its birth.
Birth
and growth of explosion E x p e r im e n t a l W ith the help of Mr J. S. Courtney-Pratt the drum camera was designed and erected. In principle the camera was similar to those described by earlier workers, but was very simple in design and both easy and safe to operate. The light alloy drum i29'2 cm. in diameter was mounted on the shaft of a high-speed electric motor. The film was mounted on the inside of the drum, and a prism fixed inside the camera threw the image of the explosion on the film. W ith this arrangement the centrifugal forces did not tend to throw the film off the drum, but kept the film pressed hard against it. By using a short-focus lens (Zeiss Sonnar /1*9 of 5 cm. focal length) the magnification was reduced to a minimum, and thus since the writing speed was unaffected, the slopes of the traces were increased. The camera, which was contained in a box about 15 in. cube, which could be evacuated if necessary, was bolted to the floor under a concrete table. On lihe table above a 5 in. square hole, there was a block of steel with a straight slit 0*125 mm. wide cut through it. The camera was focused on this slit which was so adjusted th at it gave an image on the film at right angles to the direction of motion. The explosive was spread on a transparent material (armour plate glass or mica) which was put on the slit. The whole arrangement is shown diagrammatically in figure 1.
When ah explosion took place the flame spread from the point of initiation, and as it progressed along the narrow area viewed through the slit, it made a record on the moving film. This film was moving at a constant speed of c. 84*5 m./sec., so th at each centimetre along the film represented a time of 115/isec. The flame front therefore drew out a complete distance-time curve of its own movement along the slit. The slope of this trace a t any point was a measure of the instantaneous velocity of propagation at the corresponding point on the slit.
Liquid explosives
In the first experiments nitroglycerine was spread as a ring on a freshly cleaved mica surface with the centre of the ring immediately above the slit. The explosive was then hit by a flat brass striker. The fall hammer used for these experiments was of the pendulum type and similar to that described by Bowden et al. (1947) . During impact the ring of explosive flowed outwards and inwards to give a thin film of liquid containing a single central air bubble. This bubble was rapidly compressed and therefore became a hot spot which constituted the point of initiation. In tills way the point of initiation was located directly above the slit, and the explosion grew radially along the slit.
A typical photograph obtained with nitroglycerine is shown in figure 2, plate 11. A represents the point of initiation from which the explosion spread at an increasing speed until it reached the edge of the striker a t
The rate of propagation of the flame in this case accelerated from about 180 to 650 m./sec., and there was no sign of any sharp discontinuity in the trace between A and B, and no appearance of detonation. Undoubtedly the flame corresponded to the 400 m./sec. stage observed by Mulcahy & Vines, but showed an acceleration which could not be observed at lower waiting speeds. I t was also obvious th a t this burning could propagate a t least 2 | cm. without giving rise to a detonation. When the arrangement of the explosive was changed to a ring with two pro jections extending along the slit, again the prolonged accelerating burning was observed, but detonation occurred before the flame reached the edge of the striker. Blast patterns on the strikers showed th a t the detonation usually began a t points which were not directly above the slit, and this accounted for the irregular nature of the explosion photograph. Figure 3 , plate 11, shows a photograph obtained this way; A B represented the accelerating burning. At B there was a dark space, some further burning, and then a detonation. The dark space corresponded to a position a t which undecomposed nitroglycerine remained on the striker. However, the dark space did not necessarily show th at there was any real separation between the front of the flame and the point a t which detonation set in, but merely th a t the transition did not occur exactly on the slit.
Initiation of a liquid explosive could also be effected by a flat striker if it had a small cavity a t its centre. The cavity trapped an air bubble which was com pressed by the impact, and the hot spot so produced, initiated the explosion. A thin film of nitroglycerine was spread on the transparent anvil and covered by a brass block with a hole (4*8 mm. diameter) a t its centre. The explosion was then initiated by a small cavity striker in the central hole. This explosion began as a burning which continued for some time inside the cavity, and then burst out into the surrounding film of explosives. When nitroglycerine was used, and the surrounding film was confined but unimpacted except for the central 4-8 mm. the general behaviour illustrated by figure 4 was observed. In a number of experi ments the rapid burning was not observed, and it is clear th at detonation can occur very soon after the flame bursts out of the cavity. This is illustrated in figure 5 . Similar results were obtained when cavity strikers of hemispherical section were used, but the central section of the trace was fogged by the burning of the thick layer of nitroglycerine built up round the striker during impact. A typical trace is shown in figure 6 .
Initiation of explosion in nitroglycerine by electric sparks gave results similar to those obtained by Mulcahy & Vines. The spark was generated under the surface of a confined layer of nitroglycerine by bringing together a wire and thin layer of silver on the glass. The wire and the silver were previously connected to the two terminals of a charged condenser. A typical photograph in figure 7 shows th at the spark initiated a rapid and accelerating burning which later developed into detonation.
Nitroglycerine could also be set off by a few crystals of lead azide initiated by a spark. In this case the explosive crystals detonated and immediately set off the nitroglycerine at its detonation velocity. This is illustrated in figure 8 .
Methyl nitrate when spread as a ring and hit by a flat hammer gave photographs showing the prolonged rapid and accelerating burning from the point of initiation. Figure 9 shows a photograph obtained by the impact initiation of methyl nitrate. A novel feature of methyl nitrate photographs was the vibrating flame front of the rapid burning. This may well be connected with the high volatility of this substance which might allow alternative boiling of the liquid and combustion in the vapour phase. Methyl nitrate was also set off by cavity strikers and gave explosion traces almost identical with those obtained with nitroglycerine.
Diglycerol tetranitrate could be set off by impacting a ring of the explosive spread on mica, but the explosion which began at the compressed air bubble did not propagate far into the liquid explosive. Most of the liquid was undecomposed. Explosions initiated by cavity strikers were also very weak, and often gave in sufficient light to record on the film. However, if several air bubbles were put in the liquid film, propagating explosions could be initiated by flat impact or by a cavity striker. W ith cavity strikers the explosions showed the usual burning inside the cavity. Figure 10 shows a trace obtained by initiating aerated diglycerol tetranitrate by a hemispherical cavity striker. The continued propagation was obviously a detonation, and travelled a t about 2050 m./sec. When flat strikers were used the rapid burning could be detected but was of short duration and detonation set in very early.
Solid explosives
The experiments were now extended to the study of solid explosives. In all the experiments with solids the explosive layer was so arranged th a t the centre of the area impacted was directly above the slit, the impact was provided by a falling ball which struck a flat ended cylinder (usually* | in. diameter) resting lightly on the explosive. Before most experiments the layer of explosive was compressed under a load of 6000 lb./sq.in. in a hydraulic press. This was done in order to produce a layer which was uniform in thickness and as free as possible from included air. A simple device was used to measure the delay between the first instant of impact and the initiation of explosion. A spark in line with the slit was triggered by the electric contact between the falling ball and the steel cylinder. The vertical distance between the first appearance of a spark and the first light of the explosion gave a measure of the delay.
Initiation of P .E .T.N . by impact
The first explosive studied was P.E.T.N. (pentaerythritol tetranitrate). I f the explosive was spread as a uniform layer of small crystals, the point of initiation was seldom located on the slit, and in many of the photographs there was evidence for several almost simultaneous points of initiation. Figure 11 shows a typical photograph obtained by impacting a thin layer of crystals 0*1 mm. thick. The long trace to the left of the explosion photograph was caused by a spark which was triggered by the impact of the falling ball on the striker (see later). However, it was found th a t there were at least two methods by which a single point of initiation could be obtained, and could be located directly over the slit. The first was the inclusion of a single particle of grit. A small speck of glass was placed at the centre of the continuous layer to be impacted, and then the explosion trace obtained showed the first appearance of light a t the grit particle. From this point the flame spread in both directions at fairly low speeds (100 to 400 m./sec.), but showed a tendency to accelerate as it approached the edges of the impacted area. A typical trace is shown in figure 12 . The fact th a t the explosion always began at a grit particle (which as we have seen is a potential source of a hot spot) provides addi tional evidence th a t the initiation is thermal.
The second method by which the point of initiation could be located was the employment of an annular distribution of the solid explosive. I t has been shown th at the sensitivity of a circular layer of P.E.T.N., spread on the anvil as a thin uniform layer of crystals, may be increased by removing the central portion of the layer, thus leaving a complete ring of powder (Yoffe 1948) . The effect was ascribed to the consequent inclusion of a comparatively large air pocket which was sealed off and compressed during impact. In this way a hot spot was developed by the adiabatic heating just as it was when bubbles in liquid explosives were suddenly compressed.
Further evidence for this explanation has been obtained by the use of the high speed camera. If the ring of explosive was spread on a transparent anvil with the gas pocket directly above the slit, and struck by a hammer, the photographic trace obtained on a moving film was similar to th at obtained when the explosive layer contained a grit particle. Figure 13 shows a trace obtained by impacting an annular layer of P.E.T.N. spread on mica. The explosive film was 0-1 mm. thick, and was compressed before being put in position for impact. The compression of the powder removed all large air spaces except the one purposely introduced. The energy and velocity of impact were the same as those used in obtaining the photo graph shown in figure 11 , and the delay between impact and initiation (as measured by the vertical distance from 8 to A on the time scale) was 6 different from the delay in figure 11 . This suggests th at the actual mechanism of initiation is the same for the continuous and annular layers of explosive.
Photographic observation of compression of air pocket
In order to confirm that the explosion began at the air pocket and not at some other point in the explosive layer, a new impact apparatus was constructed. This is shown in section in figure 14. The striker H was a disk of glass fitting into a hard steel holder. Above the striker there was a metallic mirror M, and by means of a lens system L, a beam of fight from a high intrinsic brilliancy lamp O was directed through the glass striker and transparent anvil. The explosive was spread as a ring and placed under the striker. By an electrical mechanism the shutter was opened scale F igure 14. Explosion apparatus for observing the compression of the air pocket before explosion.
just before impact and closed again before a complete revolution of the drum had occurred. Thus a vertical fine which was obtained on the film showed the exact position of the hole in the explosive layer (figure 15, plate 12). Less than 10~6 sec. before the explosion this fine faded out, and the explosion always began from the position of the fade-out. The time of the fade-out may not correspond exactly with the collapse of the gas pocket, for the glass striker was always broken enough to prevent the transmission of sufficient light, and blank experiments showed th a t this breaking occurred soon after the instant of impact. The experiment shows clearly, however, th a t initiation occurs a t the gas pocket.
Delay between impact and initiation I t has already been shown th a t a spark trace could be put on the film a t the instant when contact was made between the faffing ball and the steel striker. The distance along the film from the beginning of this trace to the appearance of explosion flame was therefore a measure of the delay between impact and the first appearance of the explosion. In table 1 some delay times determined for P.E.T.N., initiated under various conditions, have been set out. I t will be seen th a t there is in general an appreciable delay (60 to 140 /tsec.). If the explosive was spread as a ring the delay time was reduced by increasing the height of fall of the ball and thereby increasing the velocity of impact. The delay was halved by increasing the height of fall from 60 to 155 cm., in spite of a simultaneous reduction in the striker mass from 1860 to 530 g. In other words, the delay time was halved, in spite of a reduction in impact energy from 11-2 x 104 to 8-2 x 104 g.cm. Thus the faster the compression the earlier was the explosion. I t is therefore considered th a t the m ajority of the time between impact and explosion is taken up crushing and com pressing the explosive powder and does not represent an induction period during which the explosion is undergoing some accelerating decomposition without the appearance of fight.
I t is also significant th a t the delay with a ring-like layer is about the same as the delay with a continuous film (compare rows 2 and 3 in table 1), and as will be pointed out later, the delays observed with other explosives (cyclonite and tetryl) for the same conditions of impact were very close to the figures quoted in table 1 if the same conditions of impact were observed. A few experiments with explosive containing grit confirmed this view. There was a large scatter in the results, but there was no sign of a significantly shorter delay when grit was present. The fourth row of table 1 shows three results obtained with flat impact on a continuous layer of P.E.T.N., and rows 5, 6 and 7 show the delay times obtained with the same set-up when glass, carborundum and lead chloride were included. There was no tendency for the delay to be reduced by the inclusion of grit particles.
T a b l e 1. D e l a y b e t w e e n im p a c t a n d e x p l o s io

Impact of single crystals
Large single crystals of P.E.T.N. can be made by slowly cooling a hot saturated solution of the explosive in acetone. The crystals are elongated plates. I t was found th a t these single crystals could be initiated by impact. Crystals of dimensions c. 5 x 3 x 1 mm. were placed on thick mica above the slit and covered by steel rollers. The explosion was then initiated by an 1860 g. ball falling 60 cm. Explosion photographs were obtained, but they were always irregular. One of these is shown in figure 16 . The velocities of propagation were obviously low, but the most important observation was the fact that the delays between impact and initiation were 400 to 500 /tsec., while under the same conditions, with thin layers of the explosive the delays were 100 to 150 /^sec. I t is to be concluded th at initiation of the crystals did not occur until they have been crushed and broken by the impact, i.e. not until cavities and compressible gas pockets had been introduced.
Propagation of the explosion in P.E .T.N .
I t has been shown th at propagation from the point of initiation achieves speeds of a few hundred m./sec., but no evidence of a second stage has been mentioned.
In a series of experiments, the size of the impacted area was increased by varying the diameter of the hardened striker used. In each case the explosive was spread as a ring on the transparent anvil, the small air pocket sitting directly above the slit. Figures 17, 18 and 19 (plate 12) represent traces obtained with strikers of diameter 4-8, 12-7 and 25-4 mm. respectively. I t was obvious th at the propagation velocity increased as the diameter of the striker increased. Of course, there was an increase in the minimum energy necessary for initiation as the striker diameter increased, and the higher rates of propagation may have been due to the greater degree of confinement, i.e. the higher pressure of impact. However, the propaga tions were of a continuous nature, and no sudden change in velocity was indicated by any of the traces.
This did not apply if the area actually impacted was surrounded by a con tinuous layer of the same explosive. If this unimpacted area was unconfined, the explosion stopped abruptly at the edge of the striker, but if a steel or brass block was placed on top of the unimpacted portion so that it was lightly confined the explosion continued. However, it did not continue at the burning speeds of a few hundred m./sec.; there was a sudden transition to a much higher velocity: This higher velocity was accompanied by the emission of a greater amount of light. Although the velocity of propagation of this second stage of the explosion was only about 1400 m./sec., it had all the properties of a detonation wave. A typical example of this behaviour is illustrated by figure 20, which shows the explosion in a layer of explosive spread on a ring; but continued in both directions along the camera
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slit. Sometimes an apparent dark space appeared where the inception of detonation occurred before the rapid burning had reached the edge of the impacted region. However, it should again be remembered th a t the camera observes only the phenomena which occur in the section of the explosive above the slit, and if the transition occurred at a point slightly off the slit, the detonation wave would reach the slit before the deflagration was complete because of the difference in the speeds of the two propagations. Figures 21 and 22 illustrate the two extreme examples of this. In figure 21 detonation set in immediately and there is little sign of a dark space. On the other hand, figure 22 represents the results of an experi ment in which no precautions were taken to initiate the explosion on the slit. The P.E.T.N. was distributed as a continuous layer so th a t. initiation could occur anywhere. This photograph taken at its face value suggests th at the second stage or detonation begins well ahead of the advancing front of the first stage or rapid burning. However, this is illusory and merely shows th at the transition has taken place first at a point off the slit, and the fast detonation wave has reached the slit before the first stage burning. If the thickness of the explosive layer was increased, the propagation velocity in the unimpacted region was increased slightly, but the velocity showed no sign of approaching the hydrodynamic detonation velocity. Figure 23 shows a trace obtained by initiating a layer of loose crystals OT mm. thick and figure 24 a trace from a layer 0*5 mm. thick. The fivefold increase in thickness caused only a 40 % increase in the detonation velocity.
The shock wave in air produced by the detonation of a thin film of P.E.T.N. could initiate a further film of the explosive. A gap of about 1*5 cm. was left in the un compressed layer of the explosive at some distance from the point of initiation, and the whole of the explosive as before was lightly confined by a brass block. Figure  25 shows th a t the shock wave in air which travelled faster than the detonation itself initiated the explosive as soon as it arrived, but not at the burning speed. I t is true th at the new propagation started at a subdetonation speed, but it rapidly accelerated to the steady rate without any sign of discontinuity or transformation from one type of propagation to another.
Initiation by impact and propagation of explosion in and tetryl
High-speed camera studies similar to those described above have been carried out with two other secondary explosives, cyclonite (cyclo trimethylene trinitramine) and tetryl (trinitro phenyl methyl nitramine). If either explosive was arranged as an annular layer under a striker of circular section, impact caused initiation of the explosive a t the air pocket, but the propagation rate of the explo sion was often irregular, and was always considerably slower than the rates observed with P.E.T.N. Figure 26 is a photograph obtained by initiating an annular layer of cyclonite by the impact of a 530 g. ball falling 154 cm. The flame persisted for a considerable time. However, the initiation delay was 61 /tsec., which was surprisingly close to the delay times observed with P.E.T.N. under the same conditions of impact (see figure 13, which shows an initiation delay of 62 ^sec.). Figure 27 is a photograph obtained by initiating a pressed film of tetryl (with a central air pocket) by the impact of an 1860 g. ball falling 60 cm. Again the pro pagation rate A B was much slower, but the initiation delay, 140 /isec., was again of the same order as that observed for P.E.T.N. (120 to 150 /tsec.) under similar conditions of impact.
In attempting to propagate these explosions beyond the limits of the striker's radius into an unimpacted region, results like those shown in figures 28 and 29 were obtained. Apparently in neither case was the transformation from rapid burning to detonation possible. There was some evidence of the propagation of the burning just into the unimpacted area in the case of cyclonite.
Although detonation of the unimpacted film could not be brought about by the rapid burning initiated by impact, it does not follow th at thin films of these explosives cannot detonate when confined. Another set of experiments was carried out in which some lead azide was spread in the centre on the area (1-27 cm. dia meter) to be impacted, while cyclonite or tetryl was spread as a continuous loose layer 0-2 mm. thick in both directions along the slit from the impacted area and covered by a steel block. Initiation of the lead azide at the centre of the impacted area was assured by the inclusion of a small chip of glass. It was then obvious that these explosives could be made to detonate in thin films. Figure 30 , plate 13, shows the detonation of cyclonite at 2250 m./sec. and figure 31 the detonation of tetryl at 1480 and 1420 m./sec. The only apparent difference between these explosives and P.E.T.N. was their inability to transform their modes of pro pagation from rapid burning to detonations under these conditions.
Initiation by impact and propagation of primary explosives
High-speed camera experiments have been carried out with three primary explosives, mercury fulminate (Hg(ONC)2), lead styphnate (lead trinitroresorcinate, PbC6H 3N30 8H 20), and lead azide (PbN6). Attempts were made to initiate these explosives when spread as continuous films under 0-48 cm. diameter strikers. These very small strikers were used so th at there was a reasonable possibility of getting the initiation close to the slit. When thin layers of explosive and only just sufficient energy were used the traces obtained with mercury fulminate were of the form shown in figure 32. The explosion began as a rapid burning which trans formed into detonation at the edge of the striker. Figure 33 is a photograph of an explosion of lead azide initiated by impacting a continuous layer of crystals by a small striker using the same conditions of experiment as have been described above for obtaining figure 32. It is apparent that the steady detonation velocity 1930 m./sec. is very rapidly attained. There is no evidence for a burning and no sharp change in propagation velocity like the changes-observed with P.E.T.N. and mercury fulminate.
Of course in these experiments no special precautions were taken to locate the point of initiation exactly above the slit, and consequently many of the traces were obscure in the impacted region. Some experiments were therefore designed with a view to initiating these primary explosives at known points.
In the first series of experiments the explosions were spread on the toughened glass anvils as ring-like layers with the central space over the camera slit. It was thought that this arrangement could bring about initiation by the adiabatic heating
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of the air pocket trapped and compressed during impact. Figure 34 is a typical photograph obtained with mercury fulminate initiated by impacting a ring of the explosive with a striker 1-27 cm. diameter. There is no sign of a single point of initiation in this photograph, and the whole impacted region is obscure. Lead azide photographs obtained this way also showed no single point of initiation, but usually gave curved boundaries to the detonation traces indicating th a t initiation had occurred at a point off the slit. When lead styphnate was spread as a ring and impacted by a 1-27 cm. diameter striker, once again the point of initiation was never at the gas pocket. Figure 35 shows the photograph in which the point of initiation was nearest to the air pocket, but even here the explosion began at and not at the gas pocket P. Thus there was no evidence for the initiation of these primary explosives by the compressional heating of gas pockets. The only satisfactory method of ensuring the location of the point of initiation above the camera slit was the use of grit particles. Figure 36 shows a photograph from the initiation of a layer of mercury fulminate by impact when the explosive contained a tiny chip of glass a t its centre. In this case the change from burning to detonation took place spontaneously at no obvious mechanical discontinuity, for the whole area of the explosive was impacted. W ith lead azide photographs similar to th at shown in figure 27 were obtained. No burning could be detected. The behaviour of lead styphnate is illustrated in figure 38 . The point of initiation was located at a grit particle on the slit, and the propagation began as an accelerating burning, but it continued into the unimpacted area without any very marked change in velocity and at an irregular speed. I t must be assumed therefore either th a t the deflagration continued without detonation being set up, or th a t the detonation velocity was very low. In a second series of experiments a layer of lead styphnate was initiated by a central impacted layer of lead azide (as described for cyclonite and tetryl), and again the styphnate did not propagate a t a velocity any greater than th at shown in figure 38. A characteristic photograph obtained for lead azide initiation in this way is shown in figure 39 .
The delays between impact and initiation when these explosives were set off by hot spots developed on glass particles proved to be irregular. This may have been connected with the uncontrolled size of the grit particles used. Here are some values obtained when the impact was provided by an arm fall hammer of effective weight 300 g. falling 50 cm .: lead azide mercury fulminate lead styphnate /isec. 148, 113, 68, 64, 59 107, 83, 50 161, 152, 143, 129, 77 Although the scatter in these results is very wide it can be seen th a t although the impact energy was only 1-5 x 104 g.cm., the delays were of the same order as those obtained with P.E.T.N. using impact energies of 4-5 to 11-2 x 104 g.cm. (see table 1 ).
Initiation of explosion in larger crystals
Lead azide was recrystallized from a saturated solution of ammonium acetate, but since spontaneous explosions occurred in some experiments the largest crystals grown were about 0-5 mm. long. Mercury fulminate crystals of the same size were grown by allowing a solution of the explosive in a mixture of alcohol and 880 ammonia to lose ammonia slowly. A row of lead azide crystals was placed on a sheet of armour-plate glass along the line of the camera slit, and struck by a flat brass striker weighing 200 g. and falling 40 cm. The instant of impact was recorded by an electric spark triggered by the contact of the hammer and a piece of aluminium foil. The traces obtained showed irregular intensities along their lengths and very short delays between impact and initiation (7 to 16 //.sec.). A typical trace is shown in figure 40 , plate 14.
When a row of mercury fulminate crystals was spread on glass, and struck by a steel striker using the fall of a 225 g. ball through 100 cm. to provide the impact, the explosion began as a deflagration. A typical trace is shown in figure 41 . The burning beginning at A continued for only a short time. The delay between impact and initiation was also 100//sec., while under the same conditions of impact, fine crystals exploded and produce light 50 to 70 //sec. after impact. I t seems that in this case the development of a rapid explosion takes place only when the explosive has been crushed and a large surface formed.
Initiation of solid explosives by hot wires and electric sparks
The results of experiments on the initiation of explosives by impact were nearly all in harmony with the view that hot spots were produced by such methods as friction at a grit particle, compression of gas or vapour, or viscous flow of material, and th at these hot spots were the prime cause of explosion. It was therefore im portant to show that if a hot spot were produced in a layer of explosive, a pro pagating explosion could result. I t has long been known that primary explosives could be set off by hot wires or by sparks; in fact, it was this property which defined them as primary explosives. Unconfined thick trains of mercury fulminate initiated by hot wires burn at a low speed before detonation sets in, while no initial burning is found in similar experiments with lead azide (Patry 1933 ).
An apparatus was designed for the initiation of thin layers of explosives by hot wires. A small piece of nichrome wire was soldered at its ends to two flat strips of brass. The brass strips were bent to fit on to a piece of armour-plate glass and the glass placed on the camera slit so that the wire lay at right angles to the slit. The explosive was spread along the glass above the slit, and covered by a sheet of laminated Bakelite. By connecting the two brass strips to the terminals of a 6 V accumulator the wire was heated to bright red heat and the explosive set off.
The results obtained were very similar to those obtained in the mechanical initiation of the same explosives. Lead azide detonated immediately, mercury fulminate burned before detonating and lead styphnate explosions did not develop a speed above 700 m./sec. With mercury fulminate and lead styphnate the burning stages were of somewhat longer duration than those observed in mechanically initiated explosions.
A parallel series of experiments was carried out in which the explosives were set off by electric sparks. The results obtained were identical with the hot wire results, a fact which suggests th a t the main action of the spark is to provide a hot spot and bring about thermal initiation.
A simple apparatus (shown in figure 42 ) was designed for initiating by an elec tric spark, a thin film of explosive held under confinement. The rod W and the aluminium foil strip A were connected to the terminals of a 0-05 condenser charged to 1000 V. The explosive film was placed on the glass G on which the aluminium foil had been stuck, and by applying a load to W the wire and foil were brought close enough to allow a spark discharge through the explosive above the camera slit. The results for lead azide initiated by a hot wire and by a spark are shown in figures 43 and 44 respectively. The photograph from spark initiation was obtained by using a very thin layer of this salt, and it revealed a very short b u t real delay between the passage of the spark and the onset of detonation. This delajr was always observed, but it was only of the order of 1 to 4 //sec.
The very different behaviour of mercury fulminate is illustrated in figure 45 . Here the propagation began as a slow burning which suddenly accelerated to about 400 m./sec. When the burning reached the discontinuity between the central Bakelite insulator and the steel block surrounding it, detonation was set up. If the discontinuity was removed by using a glass insulator in the centre, which was cemented into the steel, and lapped flat, then traces of the type shown in figure 46 were obtained. The faster deflagration now continued for some distance (2 cm.) before detonation began. A typical result with the spark initiation of lead styphnate is shown in figure 47 .
If the thin layers of the explosives were unconfined, the burning of mercury fulminate and lead styphnate were too slow and too weak to be recorded on the film, but lead azide was detonated immediately and the photographs could only be distinguished from those obtained with confined layers of the same explosive by the slightly lower velocity of detonation. Obviously the degree of confinement, i.e. the pressure during the deflagration stage, determined the rate of propagation of flame, and this may explain the difference between the photographs obtained by the impact initiation, and spark initiation of mercury fulminate (figures 32 and 45). During impact the high pressure set up favours an acceleration of the burning rate, and hence detonation is begun at an earlier stage.
It has long been realized th at primary explosives may be initiated by electric sparks. It has already been shown that nitroglycerine when confined as a thin film may be initiated by a spark discharge but no evidence was available which indicated th at solid secondary explosives could be initiated in this way. I t was found th at P.E.T.N. could not be initiated by heavy sparks unless the explosive layer was held under compression while the spark was passed. This was done by turning the screw S shown in figure 42 so that the central portion was held under compression beneath the insulator H, and the remainder of the explosive film was left confined but unconstrained. Sparks from a 0-05 fiF condenser charged at 100 V were then capable of initiating the explosive. Figure 47 
D is c u s s io n
Liquid explosives
The experiments with nitroglycerine have confirmed the earlier work. The explosion of a thin film of this substance could be initiated at a rapidly compressed gas pocket, or at an electric spark discharge. In each case the explosion began as a burning, and detonation developed at a later stage. If the initiation was effected by a cavity striker the first stage of the explosion was for some time (up to 50 psec.) confined to the small quantity of liquid sealed off by the striker. The burning velocity was of the order of 10 to 20 m./sec. or less. When the explosion burst out of the cavity it usually produced a rapid burning in the bulk of the film and the explosion was later transformed into a detonation at about 2200 m./sec. With spark initiation or initiation by the compression of an air bubble trapped in the main body of the film during impact, only two stages of explosion could be distinguished, the initial rapid burning, and the subsequent detonation.
It has now been shown that the rapid burning stage does not show a constant propagation speed, but the flame front accelerates as it advances. The distance through which the' flame travels before detonation begins depends on the experimental conditions. The high initial pressure in the film during impact does not favour a transition to detonation, and the rapid burning may continue for a t least 2-5 cm. In spark initiated explosions where the film is a t atmospheric pressure, detonation usually occurs before the flame of the rapid burning stage has propagated more than 0-5 cm.
Methyl nitrate behaved in a manner similar to nitroglycerine although the rapid burmng stage showed a vibrating front. Diglycerol tetranitrate was easily initiated by impact if gas spaces were present, but the explosion did.not propagate far unless the whole film was first filled with tiny air bubbles. If this was done the onset of detonation soon occurred and the explosion was complete.
The ' dark space ' (which was usually, observed between the rapid burning and the detonation, and sometimes corresponded to an area on which undecomposed explosive was left after the explosion) became larger as the distance to which the burning continued increased. If the transition from burning to detonation actually occurred a t a single point on the flame front the chances of this point being on the slit would be very small, and would decrease as the radius of the flame front in creased. Since the detonation often travelled a t speeds five times as great as the rapid burning it might be expected to reach the slit first and thus give a dark space in the high speed photographs. If the initiation is located on the slit by means of a grit particle or an air bubble, and the burning time is short, the dark space is negligibly small.
The burning speed of nitroglycerine a t low pressures has been determined by Andreev (1946) and found to be a linear function of the pressure. At higher pressures Muraour (1942) has shown th a t the burning rate of propellants is proportional to the pressure. During impact very high pressures are developed, but th >y are unlikely to exceed the flow pressure of the metal. Calculating the burning speed of nitro glycerine by extrapolating Andreev's figures to 104 atmospheres (the approximate flow pressure of hard brass) we obtain a theoretical burning speed of about 10 m./sec. which is of the same order as the speed observed inside the brass cavity strikers. However, when the explosion flame bursts out into the main film of explosive, it attains speeds of 400 to 600 m./sec. although blast patterns on the brass confining surfaces show th a t the pressure is not much greater than 104 atmospheres. This suggests th a t the whole front must be undergoing a mass movement which is superimposed on the true burning speed, and attains speeds 40 to 60 times as great. In other words the products and the explosive are being forced away from the centre of the explosion.
I t has in fact been shown by direct photographic measurement th a t liquid between the impacting surfaces may easily attain a speed of 100 m./sec. even when no explosion occurs (Bowden, Mulcahy, Vines & Yoffe 1947) .
As the mass movement accelerates it may attain speeds approaching the velocity of'sound in the thin film, and will therefore build up a shock front. I t also attains a speed of the same order and same direction as the streaming velocity of the products behind a low velocity detonation wave. The development of low velocity detonation from the rapid movement of the flame front is therefore not surprising.
The solid secondary explosives
The results described in this paper all show how closely the behaviour of solid explosives resembles th at of liquids (see also Bowden & Gurton 1948) . The point of initiation in a layer of P.E.T.N. is located at a hot spot source which may be a grit particle, a compressed gas pocket, or, under suitable conditions, an electric spark.
The first stage of explosion is a rapid burning similar to th at obtained in experi ments with liquids. I t shows an accelerating front, but no spontaneous change from burning to detonation is observed in explosions initiated by impact unless some discontinuity is present. However, if the explosive which is impacted is surrounded by an unimpacted but confined layer of the same material, detonation occurs in the unimpacted zone. The transition from burning to detonation takes place at the discontinuity, th at is, at the edge of the impacted area.
Cyclonite and tetryl are similar to P.E.T.N. in their behaviour, but the flame rates in the rapid burning stages are much lower. With these explosives the transition from burning to detonation was not observed even when a discontinuity was present. Experiments showed however that if the initiation is sufficiently powerful it is possible to get a detonation which continues to propagate. If a layer of lead azide crystals is exploded in contact with a thin confined layer of cyclonite or tetryl, a propagating detonation is set up.
Once again in solid explosives the rapid burning is too fast to be accounted for by the rate of combustive consumption of the explosive under pressure. I t is suggested therefore th at it again represented a mass movement of the flame front, th at is a movement of the gas products away from the centre of explosion. The combustion in the impacted zone builds up a high pressure, but no steep shock front is developed since the pressure of impact is itself very high. However, when the explosion bursts out from the central impacted zone the surrounding explosive received a sudden jet of high pressure gas at a very high temperature. This would be expected to produce an intense shock in the explosive, and apparently in the case of P.E.T.N. this shock brings about detonation.
The solid, primary explosives
The point of initiation in the primary explosives lead azide, mercury fulminate and lead styphnate is normally located at a hot spot source, e.g. a hot wire, an electric spark or an impacted grit particle. However, an occluded air pocket does not appear to act as an initiator in impact. This is an interesting observation. With the secondary explosives studied the melting point is below the 'hot spot decomposition temperature '; they can be melted, and under impact can flow and seal off air pockets. The primary explosive cannot be melted. Their ignition tem peratures are below their melting points. They are unlikely to melt and flow during impact, and the air pocket may be difficult to seal off. However, the high rates of friction and shear may lead to the development of hot spots of sufficient tem perature to initiate explosion without producing melting. Thus, before the air pockets can be sealed the explosion may begin from hot spots produced by friction between crystals or between the confining surfaces and the explosive crystals. With those secondary explosives which melt without appreciable decom position, the temperatures of the hot spots developed by intercrystalline friction cannnot exceed the melting points and therefore will not be able to initiate explosion.
The first stage of propagation, for both mercury fulminate and lead styphnate, is a rapid burning which usually shows an accelerating flame front. Pure lead azide does not show this stage of explosion, but detonation begins very near to the hot spot source. However, in spark initiation there is a short delay (1 to 4 //sec.) between the passage of the spark and the beginning of detonation, and it is probable th at this represents a very short lived burning stage.
Detonation usually begins in mercury fulminate a t a mechanical discontinuity such as the junction between the impacted and unimpacted zones, but this is not always the case. It is probable th a t the mechanism by which a detonation wave is set up is similar in this case to the mechanism suggested for initiating detonation in liquid explosives. The rapid burning may involve the mass movement of material away from the centre of explosion which sets up a shock front in the undecomposed material.
In lead styphnate the average velocity with thin films could attain a value of about 700 m./sec. and the flame front did not show a steady speed. I t is unlikely th a t this is a detonation.
Delay between impact and explosion
In the experiments which were designed to measure the delay between the first moment of impact and the first appearance of explosion flame, it was shown th a t the delay depended on the impact energy and was almost identical with P.E.T.N., cyclonite, and tetryl if the same conditions of impact were used (figures 13, 26 and 27, plates 11 and 12). For P.E.T.N. for example, under conditions of row 1, table 1, the delay was 131 //sec., while at higher rates of impact (row 2) delays of about 65 //sec. were obtained. W ith other secondary explosives such as cyclonite and tetryl the delays were very similar. W ith tetryl, for example, under conditions of row 1, the delay was 140 //sec., with cyclonite it was 130. Under the conditions of row 2 the delay with cyclonite was 61 //sec. This result is different from th a t obtained by Rideal & Robertson (1948) who found delay times of the order of 230 to 340 //sec. They measured the delay between impact and the arrival of ionized gas a t a pointsiderably shorter delay when grit was added to the explosive (reported by Rideal & Robertson) was not observed. The delay times which we have observed for the primary explosives, lead azide, mercury fulminate and lead styphnate were much shorter and more variable than the delays for secondary explosives. This provides further evidence for a different mechanism of initiation in these primary ex plosives, and again suggests th a t intercrystalline friction may be producing hot spots before the pressure has been raised high enough to produce any initiating hot spot by the adiabatic compression of gas. Large crystals of P.E.T.N. were initiated only after delaj^s of the order of 400 to 500 /tsec. which were 3 to 4 times as long as the delays observed with thin layers of small crystals. This indicates th at before initiation could take place the explosive had to be crushed and compressed. The very different result with large crystals of lead azide which showed a very short delay may be explained by the hypothesis that the explosion can be initiated by intercrystalline friction and consequent hot spot formation.
Low-velocity detonation
The detonation stages observed in thin films of explosives are characterized by velocities varying from 1100 to 2500 m./sec. (neglecting the propagation of lead styphnate at 700 m./sec. which is probably a rapid burning). These values are much lower than those observed in large scale detonations (namely, 4500 to 8000 m./sec.) and correspond with the low velocity detonation characteristic of nitroglycerine explosives which has also been observed in methyl nitrate, nitroglycol and recently in solid explosives like T.N.T. and tetryl (Jones & Mitchell 1948) . If the expansion of the gas product is taken into account, these low velocities can be justified on hydrodynamic-thermodynamic grounds without postulating any detailed mechanism for the propagation.
If the Abel equation of state
is applied to the reasoning of the Chapman-Jouget hydrodynamic theory of detona tion the following expression for the detonation velocity is obtained (Paterson 1948) Birth and growth of explosion 367
where Vx is the volume of a gram of the explosive, b is the covolume, n2 the number of moles of explosion products per gram, R the molar gas constant, T2 the detonation temperature and y = 1 + n2RjC1 2. Here C2 is the specific heat of the products at constant volume. This formula would apply only if no expansion of the products took place before the reaction was complete. It can be shown by simple reasoning that if an expan sion does occur the net effect on equation (2) is to increase the effective value of Vxby a factor depending on the amount of expansion , and to decrease by a much smaller factor (never more than 10 %) so that if the expansion is large (as it probably is when thin layers of explosive detonate), becomes so large that 6 is negligible in comparison. Then the term -6) tends to unity, and so equation (2) becomes .
where C is the velocity of sound in the products. Since 4-is slightly less than 2 we should expect to obtain a reasonably stable minimum velocity of detonation which is approximately twice the velocity of sound in the products. In addition to this there will, of course, be the normal maximum hydrodynamic velocity. Calculations based on equation (3) In P.E.T.N. and tetryl it is probable th a t the explosion products are different from those obtained in a high velocity detonation. The fact th a t the velocity in nitroglycerine and in P.E.T.N. is not greatly increased by considerable changes in film thickness and in bulk density provided further support for this theory.
Although the modified hydrodynamic theory gives the correct value for the detonation velocity, it does not explain how the explosive reactions are completed in the short times available. This work provides some evidence for two possible mechanisms for this which may operate under different conditions.
In high velocity detonation the shock wave is sufficiently intense to raise the temperature of the condensed explosive to a high value by adiabatic compression (for example 3000° C with nitroglycerine (Ratner 1947)) so th a t the reaction can continue. In the low velocity detonation, however, the shock wave could not raise the temperature more than about 40° C. I t is suggested therefore, th a t in the detonation of nitroglycerine and methyl nitrate, it is the mechanical action of the shock wave which facilitates propagation. That is to say the shock front breaks up the liquid into small droplets which are thrown into the reaction zone and present a large burning surface and hence a rapid reaction can ensue. Evidence for a mechanism of this type is provided by the marked effect which an increase in viscosity has on the ease of the propagation. Thus it was not found possible to detonate a thin film of the viscous diglycerol tetranitrate, and it has been shown elsewhere th at air free nitroglycerine made viscous by the addition of a very small amount of nitrocotton will not detonate at low velocity.
When the explosive is present as a thin film between solid surfaces, its break up into droplets may be facilitated by the separation of the surfaces. This is possible because the speed of sound in the solid is greater than the detonation velocity so th at elastic waves in the metal due to the shock of the explosion will travel ahead of the detonation front. Some indication th at standing waves might be set up in the metal which confines the explosive has been obtained in earlier work (Bowden, Eirich, Mulcahy, where the blast marks of the explosion showed an alternating pattern on the confining metal. This break up of the ex plosive into droplets would also offer a reasonable explanation of the pitting and pock marks produced on brass during the detonation. v
There is, however, another mechanism by which the high rate of reaction may be maintained. If small bubbles of air are present or are introduced into an explosive, although the detonation pressure would raise the temperature of the liquid or solid phase less than 40 degrees, the adiabatic compression of the gas bubbles would produce local hot spots of several thousands of degrees. These hot spots would become new explosion centres. If the air was distributed through the explosive, the detonation wave would have at its head a shock front which would therefore become a wave of initiation of new explosions. The detonation of a thin film of diglycerol tetranitrate which occurs only when air bubbles have been intro duced supports this view. The well known phenomenon of 'dead pressing' in solid explosives, and the insensitiveness of old blasting gelatine and of cast explosives would all, on this view, be due simply to the removal of air. Figure 22 , plate 12, shows the effect of dead pressing. Here the central region burned, but the explosion did not reach the unimpacted area above the slit before detonation had been set up. However, the detonation wave did not enter the impacted area, presumably because the pressure of impact removed most of the air and compressed the rest. In high melting primary explosives it is possible th at hot spots formed by crystal fracture and intererystalline friction in the detonation wave front may be hot enough to act as new explosion centres. Thus, there is evidence th at the formation of hot spots, which has been shown to be the cause of initiation of explosion by impact and friction, is often the means by which low velocity detonation is main tained. Once again the commonest source of hot spots is the rapid compression of gas pockets, which are present in the explosive, but with the primary explosives hot spots may be formed by friction.
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